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ABSTRACT ’

The ranﬁe and energy loss rate for the ions lH, hHe, 120, 16O,
20Ne, 2851, 4OAr, 56Fe, and BY4K are given in the energy/nucleon in-
terval 0.1 - 1200 MeV/amu. These quantities are tabulated for the
stopping materials cellulose nitrate, cellulose acetate butyrate,
HBpalT polyester, Lexan, Mylar, muscovite and phlogopite mica, soda
lime and phosphate glass and olivine. The values for a given stopping
material can be extended to other materials with similar values of the
mean excitation potential by simple scaling. The computation involved
a published mathematical method which was modified and extended to

lower energies.



SUMMARY

The Problem

A nev field of dosimetry has been developed using solid state
materials to detect heavy charged nuclear particles. The range and
energy loss data pertinent to the investigation and the use of these
new detectors has not been thoroughly presented in the literature,
thus creating a need for a machine computation of this information.

The Findings

Computed values of the range and energy loss for a wide spectrum
of particles and particle energies is presented for the most commonly
used detecting materials. An estimation of the accuracy of the results
for solid state detecting materials is made by comparison of the com-
puted results with experimental results for more common materials.
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INTRODUCTION

The recent development and use of solid-state nuclear track
detectors in a variety of applications in nuclear physics and dosimetry
has created a need for accurate range-energy and energy loss relations.—~
Tracks are delineated in these materials as a result of a preferential
removal, by etching, of the high chemical reactivity material along the
particle trajectory.

Range-energy relations and the assoclated derivative relations of
dE/dx - energy have been measured and calculated extensively for protons
and alpha particles in many common materials. However, many of the
solid state detecting materials, such a cellulose nitrate, Lexan, and
Mica do not have comprehensive range-energy data availeble. Such
information is essential for the investigation of the properties of
these detectors since: (1) the energy loss rate, (dE/dx), plays a
critical role in particle registration efficiency and (2) the length of
tracks, location of maximum energy deposition, etc., are dependent upon
the ranges of particles.

It is the goal of this report to provide range-energy relations for
a wide variety of particles and & broad energy spectrum. For very low
energy, heavy particles this has only been achieved, however, by
sacrificing a certain amount of accuracy.



METHOD OF CALCULATION

To achieve a broad coverage of the spectrum of particles,
energies, and stopping materia}ls, the fits to range-energy data
published by Barkas and Berger- have been modified and extended to
lovwer energies. Particle ranges in gm/cm and energy loss rates in
MeV cm“/gm are calculated as functions of the four parameters, A/Z,
IadJ’ z, and E. The ratio A/Z is the atomic mass per electron of the
stopping material in amu/electron; I,;; 18 the mean value of the

ionization energy for the stopping material adjusted by gssuming that
the shell correction for relativistic particles is zero; z and E
are the atomic number and energy of the incident ion. The quantity

A/Z cen be cglculated for an. arbitrary stopping material, and if
Bragg's rule® is assumed, Iadj can also be calculated for this material.

For a velocity of Bc the range, R, of a particle of mass M and
charge z relative to a proton is given by:

M .
R=X [\E) + B (a)] )

For the stopping material in question 7\(B) is the range of an ideal
proton with velocity Bc, and Bz(B) is the extension of the range
caused by the neutralization of the moving ion's charge by charge
pick-up near the stopping end of the trajectory. An ideal proton

is entirely ionized during the energy loss procgss in contrast to

an actual proton which incurs charge pick-up. The subscript, 2z, on
Bz(B) indicates that the range extension is dependent upon the atomic
number of the moving ion.

Barkas and Berger have made fits for A of the form:

log A = log é +Zi‘ amn (log Iadjfn (108 E)n ’ 2
mn

vhere E 1s the energy of the proton corresponding to velocity fc.
The quoted regions of validity of their two fits are 1 - 9 MeV and




7 - 1200 MeV. They represent BZ(B) by a linear function of B for
E%ZE < 2,0 and an asymptotic value independent of B for E%ZE > 2.0.

The representation of Barkas and Berger has been modified as
follows:

1. A least squares fit of the form given above (Equation 2) was
made to all of the low energy range-energy points given by WhalingT up
to 0.95 MeV also points from the fit of Barkas and Berger at 1, 2, and
3 MeV vere included to insure a smooth connection in this region. The
ideal proton's range was calculated by subtracting the range extension
from the real range.

2. The fits in the different energy ranges have been connected at
the appropriate points, functions of Iadj: which provide a minimum
discontinuity in both A and its derivative.

3. The range extension expression for emulsion measured by
Heckman, et al.§ and Henke and Benton9 has been scaled to other materials
to provide a smooth replacement of the B,(B) given. Tis was achieved
by scaling the range extension for emulsion to correspond to the
extension given by Barkas and Berger in the asymptotic, high energy
region. In the lower energy region the scaled emulsion expression agrees
quite well with B, given by Barkas and Berger; the scaled emulsion range
extension, however, has a continuous first derivative, which is the
requirement for continuity in the calculated energy loss rate curve.

The values of I g3 are those recommended by the National Academy of
Sciences subcommittee on penetration of charged particles.lO In materials
for which Igg4 is not listed it is calculated assuming the validity of
Bragg's rule of the additivity of stopping effects. In this case the
Iggy for the constituent ions in the compound form is used when it is
listed; otherwise Iyq5 1s computed from a fit to the recommended6values
of Iggj. This function, Ingj(z), is given by Barkas and Berger.




DISCUSSION

The R.M.S. dispersions of the input range energy points about the
computed points for the high (7 - 1200 MeV/nuc.) and medium
(1 - 9 MeV/nuc.) energy regions are 0.6% and 2% reSpectively.6 For the
high energy region the spread of the stopping power values is 1.3%. The
R.M.S. spread of Whaling's data about the computed values for the low
energy region are given in Table I for several values of the proton
energy.

The error in the smoothed relations may be considerably smaller
since the error quoted largely represents fluctuation of the data, not
the poorness of the fit. There are only 16 stopping materials invo ved,
hovever; hence the error of the smoothed curve probably exceeds 1/ 16 of
the quoted spreads. A large contributor to the extreme spread of the
data about the sgoothed relations seems to be the integration constants
used by Whaling. His range-energy curves were obtained by the
integration of energy loss rate data. Another possible contributor is
the questionable practice of using Iadj as the smoothing parameter for
this low energy region.

The range extension, B,(B), is given by the following expression:6
B
2
n0) = [ |(arn? 1] (av/amran 3

(o]

where 2%e is the effective charge of the moving lon with atomic number
Zz., We obtain BZ(B) by scaling the corresponding experimental expression
for emulsion to other materials. It can be seen from Equation 3 that
this procedure relies on two assumptions: (1) the effective charge,
z¥e, is only a function of B and z, not a function of the stopping
material, (2) the proton range expression, A(Bf), can be scaled for
different stopping materials.

The validity of the first assumption, that z¥/z is independent of

the stopping material, seems to be demonstrated experimentally except for

very lovw incident particle energy and very lov stopping material density.

The second assumption is approximately true for small values of f.
Barkas and Berger have used the expression:
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Table I

SMOOTHNESS OF LOW ENERGY DATA

Energy R.M.S. Spread in Range R.M.S. Spread in Energy

(MeV) % Loss Rate (%)
0.1 28.2 23.3
0.2 17.1 14.5
0.5 8.5 5.2
1.0 4.8 2.3
2.0 L4 1.7




A= (11.1 + 1.34 IadJS/B) (A/2) s1°/3 gm/cm2 L

We have retained the (1 + 0.121 T4 5/8) dependence of the range-energy
relation and hence of B,, but have used the experimental results for
emulsion to obtain the universal function that is to be scaled.
Deriving B, in this fashion is an improvement over the use of the
simplified analytic expression obtained from Equations 3 and 4, but
still does not take into account the slight dependence of the shape of
the curve A(B) upon the stopping material. Thus an error will be
introduced when I of the material deviates significantly from I

for emulsion if B:?B)/x(a) is not small. This situation is encountered
vhen B is small and 2z is large.

Various parameters for the stopping materials for which range-energy
relations vere calculated are given in Table II. The chemical formulae
used are taken from Flelsher, et al.}l and may not be representative of
all the commercilal materials avallable under a given name. The differ-
ences are due to such factors as the amount and type of plasticizers
used, the degree of nitration, etc., and the method of sample preparation
(solvents used, amount of drying, etc.).

For energles in excess of approximately 500 MeV/nuc. the probability
for a nuclear interaction becomes significant. In such situations the
full range given in the table may not be achieved. The probabilities for
these inelastic interactions for protons have been calculated by Janni.l2

The energy loss rate relations have been obtained by taking the
derivative of Equation 1. Thic procedure essentially reproduces the

experimental data and for lower energies has been considered superior to
using the equation:

OEENE s

dE
where z*(B) is the effective charge of the heavy :i.on8 and < ER> is

the energy loss rate for the ideal proton. For B > 2 léz the two
. Z
approaches give identical results.



Table II

PARAMETERS OF THE STOPPING MATERIALS

Material Tad; A/Z Composition

Cellulose nitrate 81.1 1.939 06H809N2

Cellulose acetate 63.4 1.835 ¢ 0

butyrate 2OH32 2
HBpaIt polyester T2.5 1.931 Cl7H9O2

Bisphenol-A poly- 69.5 1.896 ¢, H,,0

carbonate (Lexan) 1671473

Polyethylene tereph- 73.2 1.915 C ¢)

thalate (Mylar) 19M16%7
Muscovite mica 128.3 2.011  KA1.,S1,0,,(OH)

39%3%0 2
Phlogopite mica 129.4 2,009 KMg S1.,0, ~(OH)
273710 2

Soda lime glass 131.6 2,01k 675i0,:14Na0:14Ca0: 501,05
Phosphate glass 196.8 2.138 63P2O5:llU02:8A1203:9Ag20:9K20
Olivine 158.9 2,050 MgFeSi 0y
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RANGE AND ENERGY LOSS RATE TABLES

In the following tables the ranges in
gn/cm? and the (dE/dx) values in MeV cm2/gm
are listed for nine representative ions in
each stopping material. The intervals
between the forty-eight energy points have
been chosen such that a linear interpolation
contributes less than 1% error. The values
of I 445 are labeled by a non-subscripted I for
typographical reasons. More places of
precision are given than are significant to
eliminate rounding errors and for the sake of
differential measurements.
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